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Abstract
The corneal endothelium is the most posterior layer of the human cornea. Its main function
comprises the removal of excessive water from the cornea in order to sustain its state of
deturgescence. Accelerated loss of human corneal endothelial cells (HCEnCs) can cause
the cornea to swell which leads to a reduction of visual acuity and eventually blindness.
Corneal transplantation is the only therapy that can offer a definitive cure. Unfortunately,
the low donor to patient ratio causes 12.7 million people to await corneal transplantation
worldwide, of which a major part is due to corneal decompensation. The endothelial donor
shortage also affects research as it now depends on the limited amount of endothelia that
are rendered unsuitable for transplantation and immortalised cell lines.
To aid in the development of ex vivo engineered corneal endothelia and provide a better
alternative for immortalised cell lines, the reversible immortalisation of HCEnCs is
proposed. In this master’s thesis, different experiments were performed to evaluate its
most elemental aspects related to the construct integration and puromycin selection. The
objectives comprised: (I) finding the multiplicity of infection (MOI) and exposure time
needed to obtain a transduced cell yield of 20-30%, (II) compare the integration efficiency
between a viral (lentiviral) and non-viral (PiggyBac) vector, (III) determine the strongest
promoter to drive future oncogene transcription and (IV) decide what puromycin
concentration and exposure time is needed to eradicate non-puromycin resistant cells.
To allow for an easy quantifiable readout of the different aspects of construct integration,
the enhanced green fluorescent protein gene (eGFP) was used. The optimal MOI (range 030) and exposure time (4- or 24-hours) to obtain a transduced cell yield of 20-30% was
determined by using live cell imaging and flow cytometry. The latter was also used to
compare the strength of four eGFP driving promoters (CypA, CBA, EF1a and SFFV) by
measuring the intensity of eGFP expression after lentiviral integration. To assess potentially
harmful effects of transduction, the population doubling time was calculated at different
MOIs and after 4- and 24-hours of viral exposure. Since the PiggyBac vector cannot
autonomously enter the cell, its introduction was mediated through lipofection. In order to
select puromycin-resistant cells in the future, the dose (range 0-10 µg/mL) and exposure
time (0-, 24-, 48-, or 72-hours) of puromycin needed to eradicate unmodified cells was
determined by using live cell imaging and a luminescence microplate reader. All these
experiments were conducted in an immortalised cell line (HCEC-B4G12).
The quantification of eGFP positive cells after viral transduction indicated that the
percentage of transduced cells was directly proportional to the MOI. Also an increase of
exposure time from 4- to 24-hours resulted in a higher eGFP positive cell yield. Under the
experimental conditions described in this project, lentiviral transduction was found to be
very efficient. However, no eGFP expressing cells could be detected after transfection with
the PiggyBac vector. From the four promoters that were compared, the mean eGFP
intensity was the highest in the construct containing the SFFV promoter. Overall, the viral
transduction did not cause an increase in population doubling time except when exposed
for 24-hours to a relatively high MOI (≥30).
Depending on the construct and time of viral exposure, the desired transduction efficiency
of 20-30% was obtained by using an MOI between 0.3 and 1. For the strongest promoter
(SFFV), this transduced cell yield was obtained after 24-hours of viral exposure to MOI 0.5.
In contrast, transfection with the PiggyBac vector did not result in any detectable eGFP
positive cells which most likely indicates a low transfection efficiency or an incompatibility
between the used cell line and the transfection reagent. To isolate puromycin-resistant
cells in the future, the cells can be exposed for 72-hours to 2 µg/mL puromycin since this
was found to be lethal for all non-resistant B4G12 cells.
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Samenvatting
Het corneale endotheel is de binnenste laag van de cornea. Deze laag staat in voor het
wegpompen van het overmatige water uit de cornea waardoor deze in een optimaal
gehydrateerde staat wordt gehouden en zo zijn doorzichtigheid garandeert. Een versnelt
verlies van humane corneale endotheelcellen (HCEnC) kan er voor zorgen dat de cornea
begint te zwellen. Hierdoor verminderd het gezichtsvermogen en kan de patiënt op lange
termijn zelfs blind worden. De enige oplossing is een corneatransplantatie, maar door de
grote nood aan donorweefsel zijn er wereldwijd 12,7 miljoen mensen die wachten op een
donor cornea waarvan meer dan de helft een gevolg is van corneale decompensatie. Ook
het wetenschappelijk onderzoek lijdt onder dit donortekort aangezien de huidige
experimenten voornamelijk uitgevoerd worden met geïmmortaliseerde cellijnen of donor
weefsel dat niet geschikt is voor transplantatie.
In deze master thesis wordt de reversibele immortalisatie van HCEnC voorgesteld als beter
alternatief voor geïmmortaliseerde cellijnen en voor de ontwikkeling van kunstmatige
endotheliale weefsels. Het doel was om de elementaire aspecten van reversibele
immortalisatie te verhelderen met de nadruk op construct integratie en puromycine
selectie. Hiervoor werden volgende tussendoelstellingen vastgelegd: (I) het vinden van de
concentratie aan virale vectoren en blootstellingstijd die nodig zijn om 20-30%
getransduceerde cellen te bekomen, (II) een vergelijking maken tussen de integratie
efficiëntie van een virale (lentiviraal) en niet-virale (PiggyBac) vector, (III) bepalen wat de
sterkste promotor is om een oncogen aan te drijven in de toekomst en (IV) beslissen welke
concentratie en blootstellingstijd aan puromycine letaal is voor alle niet-puromycine
resistente cellen.
Om de verschillende aspecten van de construct integratie te kwantificeren wordt gebruik
gemaakt van het enhanced green fluorescent protein gen (eGFP). De optimale virale
concentratie (MOI 0-30) en blootstellingstijd (4 of 24 uur) om 20-30% getransduceerde
cellen te bekomen werd bepaald aan de hand van live cell imaging en flowcytometrie. Deze
laatste werd ook gebruikt om de sterkte van vier promotoren (CypA, CBA, EF1a en SFFV)
te vergelijken op basis van eGFP expressie intensiteit. Als maatstaf voor een potentieel
toxisch effect van transductie, werd de populatie dubbelingstijd berekend. In tegenstelling
tot de gebruikte virussen, kan de PiggyBac vector niet autonoom in de cel geraken. De
introductie van de PiggyBac vector werd daarom gemedieerd door middel van lipofectie.
De letale puromycine concentratie (0-10 µg/mL) en blootstellingstijd (0, 24, 48 en 72 uur)
werden bepaald door de hoeveelheid levende cellen te kwantificeren d.m.v. live cell
imaging en fotospectrometrie. Alle experimenten in dit project waren uitgevoerd op een
geïmmortaliseerde cellijn (HCEC-B4G12).
De kwantificatie van het aantal eGFP positieve cellen na transductie toonde een recht
evenredig verband aan tussen het percentage getransduceerde cellen en de virale
concentratie. Ook een verhoging van de blootstelling van 4 naar 24 uur resulteerde in een
groter aantal eGFP positieve cellen. Van de vier geëvalueerde promotoren, leidde SFFV tot
de hoogste gemiddelde eGFP intensiteit. In tegenstelling tot lentivirale transductie, werden
geen eGFP positieve cellen gedetecteerd na transfectie van de PiggyBac vector. Daarnaast
werd vastgesteld dat transductie enkel resulteert in een verhoogde populatie dubbelingstijd
bij 24 uur blootstelling aan een relatief hoge virale concentratie (≥ MOI 30).
Afhankelijk van het construct en virale blootstellingstijd, kan de gewenste transductie
efficiëntie van 20-30% bereikt worden met behulp van een virale concentratie tussen MOI
0,3 en 1. Voor de sterkste promotor (SFFV), werd de gewenste transductie efficiëntie
bereikt na 24 uur blootstelling aan MOI 0,5. Het gebrek aan eGFP expressie na transfectie
van de PiggyBac vector is waarschijnlijk het gevolg van een lage transfectie efficiëntie ten
gevolge van een incompatibiliteit tussen de gebruikte cellijn en het transfectie reagens.
Voor de isolatie van puromycine-resistente cellen in de toekomst, kunnen de cellen
blootgesteld worden gedurende 72 uur aan een concentratie van 2 µg/mL aangezien dit
letaal werd bevonden voor alle niet-resistente B4G12 cellen.
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As a result of the COVID-19 pandemic, the experiments for this project were discontinued
for an undetermined period. However, its impact on this master’s thesis is only moderate
as a major part of the experiments was already executed. From the four work packages
that comprised the original project (Fig. A1), three parts were almost finished. The
remaining time was spent by doing a thorough analysis of the obtained results and an
additional assignment was given. This assignment comprised the writing of the main parts
of a review about a subject of choice related to the corneal endothelium.
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1 State of the art
1.1 Basic characteristics of the human cornea
The human cornea is the transparent tissue covering the anterior part of the eye (Fig. 1A).
It is responsible for two thirds of the eye’s refractive power and provides protection for its
inner structures [1]. Measuring about 11.5 mm horizontally and 10.5 mm vertically, the
cornea is slightly oval [2]. The tissue is avascular and comprised out of five layers: an
epithelium, Bowman’s layer, stroma, Descemet membrane and an endothelium which have
a combined thickness of roughly 560 µm centrally and 630 µm at the periphery (Fig. 1B)
[2,3].

Figure 1: (A) Basic anatomy of the anterior human eye. (B) Overview of the five corneal layers.

Epithelium
The most superficial layer of the cornea is the epithelium. It has a thickness of 50 µm and
is embryologically derived from the surface ectoderm. The corneal epithelium consists of
four to six layers of non-keratinised stratified squamous epithelial cells. The most
superficial cell layers have microvilli on their apical surface that are covered with a
glycocalyx which functions as a lubricant and keeps the ocular surface hydrated [2,4]. The
suprabasal cells, located in the lowest layers of the epithelium, are interconnected through
tight junctions that prevent water and pathogens from leaking into the stroma [2].
Constant renewal of the corneal epithelium is achieved by the stem cells residing in a niche
at the corneal-scleral transition, called the limbus (Fig. 1A) [5]. According to the XYZ
hypothesis of Thoft and Friend published in 1983, the maintenance of the corneal
epithelium can be depicted as three independent phenomena being: the proliferation of
epithelial cells (X), the centripetal movement of basal epithelial cells (Y) and loss of
epithelium on the corneal surface (Z). Therefore, corneal epithelial maintenance requires
the sum of X and Y to be equal to Z [6].

Bowman’s layer
The Bowman’s layer is located at the basal side of the epithelium. This acellular layer is
about 15 µm in thickness and composed out of randomly oriented collagen type I fibrils
which are clearly distinguishable from the collagen fibrils of the stroma [7,8].

Stroma
The stroma accounts for 90% of the entire corneal thickness and is derived from neural
crest cells. It is composed of heterodimeric fibrils of collagen types I and V which are
organised in a parallel manner thereby forming different layers or lamellae [9,10]. The
stroma consists of approximately 200 sheets of lamellae, each orthogonally oriented
relative to its adjacent lamellae (Fig. 2) [11]. This specific arrangement confers strength
to the cornea while the regular spacing between the fibrils, in combination with their
uniform diameter, ensures stromal transparency. The most abundant cell type of the
stroma are the keratocytes. These cells are crucial to maintain the stromal homeostasis by
producing collagen, matrix metalloproteinases and glycosaminoglycans (GAGs) [1].
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Due to their hydrophilic character, the repulsing GAGs give the stroma the tendency to
attract water and nutrients from the anterior chamber while also regulating the spacing
between the collagen fibrils [12]. However, if the stroma gets too hydrated, disturbances
of its intrinsic architecture will increase light scatter causing visual impairment [1].

Figure 2: Specific arrangement of the stomal lamellae.

Descemet membrane
The stromal and endothelial layer of the human cornea are separated by an acellular layer
called the Descemet membrane (DM). The development of DM can be divided in a prenatal
and postnatal phase. In the prenatal phase, the endothelial cells secrete membrane
components in a sequential manner establishing the anterior banded layer. This layer is
composed of both type IV and VIII collagen. After birth, the endothelial cells produce the
posterior non-banded layer by secreting non-striated homogeneous material containing
only collagen type IV [13].

Endothelium
The most posterior layer of the cornea consists of a uniform monolayer of endothelial cells,
which similarly to the stroma, originates from the neural crest [14]. Human corneal
endothelial cells (HCEnCs) have a thickness of about 5 µm and a diameter of 20 µm. They
span the entire posterior cornea until they merge with the cells of the trabecular meshwork
at the periphery [15].
The HCEnCs are interconnected through focal tight junctions located at the apical part of
their lateral membranes. Towards the basal side of these membranes, sinuous
interdigitations can be found which are connected by a combination of gap and adhesion
junctions [14]. These junctions cause the endothelium to function as a leaky barrier. This
allows the diffusion of nutrients into the cornea, while its waste products can be recycled
to the anterior chamber [14,16]. To assist the exchange of nutrients and waste products,
the HCEnCs contain carriers for facilitated diffusion (Glut1) and secondary active transport
(lactate/H+ and lactate/Na+). In addition to the diffusion of molecules, the endothelium
allows the stromal imbibition pressure generated by the hydrophilic GAGs to attract water
from the anterior chamber [16]. But in order for the stroma to maintain its state of relative
dehydration (i.e. stromal deturgescence), the HCEnCs also function as a pump by removing
the excess of water. While it is clear that multiple ion transporter mechanisms on the
HCEnCs (e.g. anion channels and Na+/K+-ATPase) play an important role, the exact
mechanism behind the corneal endothelial pump function remains controversial [12].

1.2 A detailed view on the human corneal endothelium
(Lack of) endothelial cell proliferation
In the first year after birth, the endothelial cell density (ECD) is about 4000 cells/mm2 but
decreases rapidly due to corneal growth until the age of two. Age-related apoptosis causes
the ECD to decrease further at a steadier attrition rate of 0.3-0.6% each year throughout
life [17–19]. Whether HCEnCs are able to proliferate in vivo remains a matter of debate,
but it is clear that HCEnCs lack sufficient proliferative capacity to compensate for their loss
[20].
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Therefore, the endothelial cells migrate and enlarge in response to the continuously
decreasing ECD, causing the cells to change from a hexagonal to a pleomorphic shape over
time. These compensation mechanisms allow the corneal endothelium to maintain its
function, although with an overall reduced pumping capacity [14,18].
Based on the expression and localisation of cyclins (i.e. cell cycle dependent proteins) it
was found that HCEnCs are arrested in the early G1 phase of the cell cycle [21]. This cell
cycle arrest is thought to be caused by a combination of three mechanisms being:
endothelial cell-cell contact inhibition, inadequate amounts/binding of growth factors and
the inhibition of S-phase entry by TGFβ2 [22]. Notwithstanding these cells lack proliferative
capacity in vivo, ex vivo studies showed that replication of HCEnCs can be induced by the
expression of viral oncoproteins (i.e. SV40 large T antigen or E6/E7) or transcription factors
(i.e. E2F2) [23–25]. This indicates that HCEnCs at least possess the potential to proliferate
[14].
Due to the relatively large number of HCEnCs at birth and their slow rate of apoptosis, the
lack of corneal endothelial proliferation usually does not cause a decrease of corneal
transparency. However, the loss of HCEnCs can be accelerated as a result of trauma,
refractive surgery, cellular stress caused by diabetes or glaucoma, but also due to certain
corneal endothelial pathologies. In general, a cell density of 400-500 cells/mm2 is
considered to be the threshold from which point the endothelial pump capacity is not able
to counteract the water leaking into the stroma causing visual acuity to get affected
[15,22].

Pathologies of the corneal endothelium
1.2.2.1 Fuchs’ endothelial corneal dystrophy
Different primary corneal endothelial pathologies exist which eventually lead to endothelial
cell dysfunction, the most common being Fuchs’ endothelial corneal dystrophy (FECD)
[26,27]. This endothelial pathology is currently the primary indication for corneal
transplantation worldwide [27].
FECD is an inherited bilateral disease characterised by the accelerated loss of endothelial
cells which is accompanied by their enlargement and loss of hexagonal shape. Also an
aberrant deposition of extracellular matrix and the formation of DM projections, termed
guttae1, in between HCEnCs are important hallmarks of this disease (Fig. 3A) [28]. FECD
slowly progresses over the course of 20-30 years in which the patient goes through four
stages [26]. At first, non-confluent guttae will appear in the centre of the cornea. These
guttae force the surrounding endothelial cells to adopt a rosette-like clustering (Fig. 3B)
and progressively induces apoptosis in these cells. In this stage, the endothelial
compensation mechanism is able to safeguard the patient from any symptoms. As disease
progresses to the second stage, the guttae start to coalesce and also appear in the
periphery. The increase in guttae goes hand in hand with a decrease in ECD which
diminishes the “pump-and-leak” function of the corneal endothelium. The stromal
deturgescence will become compromised and the resulting corneal oedema causes the
patient to experience blurred vision. In the third stage, stromal oedema progresses
towards the epithelium causing bullous keratopathy to arise (i.e. the formation of blisters
under and between the corneal epithelial cells) [29]. This further reduces visual acuity and
results in excruciating pain since the cornea is one of the most densely innervated human
tissues [9,29]. In the final stage, the patient suffers from chronic bullous keratopathy which
is characterised by corneal neovascularisation and stromal scarring causing the patient to
turn blind [26]. However, such advanced stage of FECD is uncommon in developed
countries since patients are treated earlier in the disease process.

1

Gutta (plural: Guttae) is the Latin word for “drop”, originating from their resemblance to dewdrops when
observed through a slit-lamp microscope [90].

11

Figure 3: (A) Schematic representation of the gutta formation and the resulting pleomorphism and polymegathism of the
HCEnCs to compensate for the decrease in ECD [30]. (B) 3D representation of an ex vivo whole mount corneal
endothelium of a Fuchs’ corneal endothelial dystrophy patient stained for laminin (red) indicating the extracellular matrix
and guttae (mushroom-shaped extrusions), and DAPI (blue) indicating the corneal endothelial cell nuclei (40x
magnification) [20]. HCEnCs, human corneal endothelial cells; ECD, endothelial cell density

1.2.2.2 Current treatment options
The only definitive treatment for endothelial decompensation is corneal transplantation
[26]. Previously, the golden standard worldwide was the transplantation of a full cornea
by using a full corneal thickness graft (i.e. penetrating keratoplasty). However, nowadays,
selective endothelial transplantation, also called endothelial keratoplasty, is preferred
because of the less invasive procedure and decreased risk of rejection [27]. Endothelial
keratoplasty can be divided in Descemet stripping automated endothelial keratoplasty
(DSAEK) and Descemet membrane endothelial keratoplasty (DMEK). In DSAEK the graft is
composed of a small amount of posterior stroma together with DM and the corneal
endothelium (Fig. 4A) while a DMEK graft only consists out of DM and the corneal
endothelium (Fig. 4B). Both have their advantages and disadvantages, but when
transplanted successfully, they allow faster recovery and better visual outcome compared
to penetrating keratoplasty [20]. Unfortunately, the amount of patients in need of corneal
transplantation outnumbers the amount of available grafts by 70:1, leaving about 12.7
million people awaiting transplantation [27].

Figure 4: Simplified representation of the endothelial keratoplasty grafts. (A) In DS(A)EK, the donor graft consists of the
endothelium, Descemet membrane and posterior stroma. (B) A DMEK graft only contains the endothelium and Descemet
membrane. DS(A)EK, Descemet stripping (automated) endothelial keratoplasty; DMEK, Descemet membrane endothelial
keratoplasty [20].
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1.3 Reversible immortalisation
Cell immortalisation by viral oncogene introduction
Ex vivo expansion of HCEnCs is thought of as an attractive tool to address the corneal
donor shortage by aiding in the development of a corneal endothelium grown in the
laboratory. This expansion can be accomplished by establishing the expression of viral
oncogenes and/or human telomerase reverse transcriptase (hTERT) in the target cells to
increase their proliferative capacity. Viral oncogenes generally function by inhibiting the
p53 and p16/pRB pathways which are important for the cell cycle regulation [31]. However,
the overexpression of an oncogene does not necessarily lead to fully immortalised cells. It
is more likely that they will only increase the proliferative capacity of these cells until they
enter a nondividing state due to a critically low telomere length (i.e. replicative senescence)
[31,32]. Indeed, studies in which HCEnCs are transduced with SV40 large T antigen
reported a limited population doubling due to the occurrence of senescence [24,25].
To establish a fully immortalised cell line, replicative senescence needs to be avoided by
increasing the telomerase function in the cells. Therefore, it can be opted to combine the
introduction of hTERT with an oncogene [31,33]. This combination also has the advantage
of decreasing the chance on chromosomal abnormalities compared to the transduction of
an oncogene alone [31]. Depending on the phenotypical changes induced by
immortalisation, removal of these genes by certain excision mechanisms (see further)
could restore the cell to its original state [34].

Lentiviral vectors
Viral vectors are a popular tool for gene transduction due to their high transduction
efficiency [35]. They account for roughly 70% of the vectors used in gene therapy clinical
trials [36]. However, multiple types of viral vectors including adenoviral, retroviral, adenoassociated and lentiviral vectors are currently being used, each having their own
characteristics (Appendix Table A1) [35]. Lentiviral vectors have the ability to stably
transduce both dividing and non-dividing cells and contain a relatively large cargo capacity
(±9 kb) [37]. Therefore, they are good candidate vectors for the stable introduction of
proliferation increasing genes in HCEnCs.
Lentiviruses are members of the Retroviridae viral family. Different species of lentiviruses
exist, but the human immunodeficiency virus type 1 (HIV-1) is the predominantly used
lentiviral vector. Especially for clinical applications, safety measures are needed to prevent
the generation of replication-competent lentiviruses (RCLs). RCLs arise due to
recombination events (during production or in vivo) resulting in a vector that is able to
express viral proteins. These proteins can cause replication of the recombinant lentiviruses
comparable to that of wild-type viruses [37]. By separating the viral genes needed for viral
vector production in different plasmids and removing non-essential viral proteins, the
chance on RCLs during production is decreased. To date, four different generations of
lentiviral vectors were developed, each generation having a superior safety profile
compared to the previous [38–40]. These alterations in viral vector production were very
effective considering that both in second and third generation HIV-1 vectors no RCLs have
been observed [37]. Other safety measures include the use of self-inactivating (SIN)
vectors. Here, deletion of the 3’ long terminal repeat (LTR) causes the viral enhancer and
promoter region to be lost upon integration [41]. Therefore, the inserted viral vector cannot
be mobilised by a wild-type virus and the LTRs can no longer cause unintended
overexpression or interference of nearby genes [37]. These safety measures cannot
prevent the lentiviral vectors from causing gene disruption or overexpression due to the
integration of the vector (i.e. insertional mutagenesis). However, such problems can be
solved by excising the construct when it is no longer needed [37,42].
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1.3.2.1 Cre-lox site-specific excision
To further increase the safety of integrated viral vectors, the Cre-lox system can be used
to remove the vector when gene expression is no longer needed. This system consists of
the Cre-recombinase enzyme and two loxP sites. Each loxP site is composed of two inverted
repeats of 13 bp, separated by an 8 bp spacer which defines the orientation of the loxP
site. The Cre-recombinase enzyme cuts in the spacer region creating 6 bp overhangs [43].
When a construct is flanked by two loxP sites (i.e. “floxed”) in the same orientation, the
Cre-recombinase excises the construct. The loxP overhangs will ligate causing
circularisation of the construct and closure of the gap in the genome thereby leaving behind
a footprint of one loxP site (Fig. 5). Alternatively, if the construct is flanked by inverted
loxP sites, inversion of the construct can be achieved and if two seperate strands contain
a loxP site in the same orientation, intermolecular recombination (i.e. translocation) can
occur [44].

Figure 5: Excision of a gene flanked by two loxP sites with the same orientation [45].

DNA transposon systems
Transposons are DNA segments with the ability to move and/or replicate within the genome
but are unable to propagate to other cells. DNA transposons employ a cut-and-paste
mechanism which is utilised for their use as a non-viral vector [46]. In this regard,
especially the PiggyBac system is a promising tool because it allows both integration and
footprint-free removal of the construct [47].
The PiggyBac transposon, originally isolated from the cabbage looper moth (Trichoplusia
ni), consists out of a transposase flanked by inverted terminal repeats (ITRs). Upon
expression, the transposase recognises these specific ITRs and mobilises the transposon
to insert it in another place of the genome [48]. This principle is adopted in genetic
engineering, where the construct is flanked with ITRs and inserted in the genome by
expression of PiggyBac transposase [49]. Further improvements have led to the
development of an excision-competent, but integration-defective PiggyBac transposase,
allowing to excise the construct without the risk of reintegration [50].
In contrast to viral vectors, PiggyBac vectors need additional techniques to allow their
efficient introduction into the cell, such as electroporation or lipofection [49]. The cargo
capacity of PiggyBac vectors can go up to 9 kb without a significant decrease in
transposition efficiency [51]. Nevertheless, constructs up to 100 kb have been transposed
using this system [52]. Integration of PiggyBac occurs almost exclusively (98%) at TTAA
sites in the genome and seems to have a preference towards promoters and active genes
[53]. Compared to HIV-derived vectors, PiggyBac vectors are considered to have a safer
integration profile because they are more likely to integrate in so-called “genomic safe
harbours” (i.e. regions in the human genome where newly integrated DNA is not likely to
cause adverse effects) which decreases the possibility of causing insertional mutagenesis
[54].
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1.4 Suicide gene-based selection mechanisms
Previously, it was discussed how the construct can be removed from genetically modified
cells. Independent of the used technique, this removal is unfortunately not 100% efficient
[50,55]. The remaining construct-containing cells could pose safety issues for human
transplantation or make them less representative for primary cells when used in
fundamental research. Therefore, all residual construct-containing cells need to be
eradicated which can be done through the use of so-called “suicide genes”.
Suicide genes encode certain proteins with the potential to cause selective destruction of
the cells containing this gene [56]. The system can be applied in many fields such as gene
therapy for cancer treatment, fail-safe in adoptive cell therapies but also as a selection
mechanism in regenerative medicine [57,58]. In case of the latter, the ideal suicide gene
is one that guarantees the eradication of exclusively these cells containing the construct.
However, since the efficiency of a suicide gene depends on many factors, it is
recommended to use a combination of two suicide genes. Based upon their mechanism of
action, three groups of suicide gene technology can be distinguished:
•
•
•

gene-directed enzyme prodrug therapy (GDEPT);
dimerisation inducing suicide genes; and
therapeutic monoclonal antibody (mAb) -mediated suicide genes [56].

Gene-directed enzyme prodrug therapy
The principle of GDEPT is based on inducing the expression of a non-endogenous enzyme
(or an endogenous enzyme with a very low expression level) that converts a harmless
prodrug into a toxic drug [59]. The best studied enzyme/prodrug pairs are herpes simplex
virus thymidine kinase (HSV-TK)/ganciclovir (GCV), Escherichia coli cytosine deaminase/5fluorocytosine,
cytochrome
P450/cyclophosphamide
or
ifosfamide
and
nitroreductase/CB1954 [60]. The difference between these GDEPT systems resides in the
way they cause apoptosis and whether they are able to eradicate dividing and/or nondividing cells. Since the activated prodrug of GDEPTs has often a small molecular weight,
it can easily diffuse to other cells resulting in a bystander effect. As a result, the suicide
gene-containing cell will also cause the neighbouring (non-suicide gene-containing) cells
to die. This may seem useful when applied in cancer therapy, but it could potentially limit
their use as a selection mechanism in regenerative medicine [61]. Nevertheless, Fang et
al. successfully used the HSV-TK/GCV pair to eradicate all construct containing cells that
were left after construct excision with the Cre-lox technique [55]. This indicates the
potential of the HSV-TK system. The same enzyme/prodrug pair has also been used in a
T-cell therapy called Zalmoxis. Here, allogeneic T cells were transduced with a construct
containing the HSV-TK gene as a safety measure in case the patient would develop graftversus-host disease [62]. This therapy was conditionally approved in 2016, but
subsequently withdrawn from the market by its manufacturer in 2019 due to commercial
reasons [63,64].

Dimerisation inducing suicide mechanisms
Dimerisation inducing suicide genes encode chimeric proteins consisting of a chemical
inducer of dimerisation (CID)-binding domain linked with an endogenous proapoptotic
molecule. Upon addition of a CID, the chimeric proteins dimerise through their CID-binding
domain which causes the linked proapoptotic molecules to initiate apoptosis [56,65]. The
inducible caspase 9 (iCasp9) with AP1903 as CID, is an example of such suicide gene/CID
pair that has successfully been used in several clinical trials. In these trials, it is mainly
used to kill donor-T cells if graft-versus-host disease occurs [66]. In contrast to the
GDEPTs, iCasp9 is more selective (i.e. no bystander effect) and therefore causes no
collateral damage [67].
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Therapeutic monoclonal antibody-mediated suicide
mechanisms
Therapeutic mAb mediated suicide genes cause cells to express specific proteins on their
surface to which mAb can bind [56]. In vivo, these mAb cause death of the cells carrying
these membrane proteins via complement-dependent cytotoxicity (CDC) and antibodydependent cellular cytotoxicity (ADCC). Therefore, the in vitro use of this system (e.g. as
a selection mechanism in regenerative medicine), has the disadvantage that the
complement system and immune effector cells are usually not present to invoke CDC or
ADCC respectively. A major advantage is the fact that these specific membrane proteins
can be used to isolate or identify the suicide gene-carrying cells. It was also found that the
expression of these types of suicide genes in T-cells did not result in alterations of
phenotype or growth characteristics. Examples of therapeutic mAb mediated suicide
systems are the combination of CD20 with rituximab, truncated human EGFR polypeptide
with cetuximab and RQR8 with rituximab. These pairs were all developed with the main
focus on T-cell therapies [68–70]. Therefore, when employing this technique on other cells,
it is important to validate that the added mAb does not have any affinity for membrane
proteins other than these expressed by the suicide gene.
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2 Research hypothesis
Previously, it was discussed that there is a discrepancy between the available donor
corneas and patients in need [27]. The lack of good quality donor material also
tremendously hampers corneal endothelial research which is forced to rely on immortalised
cell lines and corneas that are excluded for transplantation due to donor age, low ECD or
certain diseases. While immortalised cell lines produce sufficient amounts of cells, they
may not be very representative for primary HCEnCs. Conversely, good quality primary
HCEnCs are representative for native HCEnCs but can be scarce to come by [71].
Increasing the amount of HCEnCs by ex vivo culturing is being investigated, but they
usually undergo but a few cell divisions before becoming senescent or acquiring a
fibroblast-like phenotype (i.e. endothelial-to-mesenchymal transition), thereby skewing
results [72]. Ex vivo expansion of HCEnCs via reversible immortalisation might combine
the advantages of both immortalised cell lines and primary cells. This strategy has the
potential to provide sufficient and good quality HCEnCs to address donor shortages for both
transplantation and fundamental corneal endothelial research. In addition, these cells could
be implanted in cornea-on-chips which are currently being developed at the ARGOS
laboratory.
In this master’s thesis it will be attempted to perform the first steps towards the reversible
immortalisation of HCEnCs. In order to do so, a cell line (HCEC-B4G12) will be used to:
(I)
(II)
(III)
(IV)

find the multiplicity of infection (MOI) and exposure time needed for the desired
transduced cell yield of 20-30% for lentiviral transduction;
compare the integration efficiency between a viral (lentiviral) and non-viral
(PiggyBac) vector;
determine the best promoter for future oncogene transcription by transduction
with different lentiviral vector constructs; and
decide the minimal concentration and exposure time to puromycin that is
needed to eradicate all non-construct containing cells.

Conclusions of experiments I, II and III will be based on differences in the expression of
enhanced green fluorescent protein (eGFP) determined by flow cytometry and live cell
imaging analysis. During the entire project, special attention will be paid to changes
occurring in the HCEnCs that could pose a potential safety risks or decrease cell
functionality thereby limiting their use for future applications. The project is subdivided in
two work packages: construct integration and puromycin selection. These work packages
are part of a bigger project of which the main goal is to establish the reversible
immortalisation of primary HCEnCs (Fig. A1). The content of the work packages performed
in this master’s thesis will be discussed further below.
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3 Materials and methods
3.1 Cell culture
All experiments were carried out using an immortalised cell line (HCEC-B4G12) (Appendix
Table A2) between passages 10 and 16. To promote cell adherence, a coating containing
fibronectin, collagen and albumin (FNC Coating Mix, Athena Enzyme Systems, Baltimore
USA) was added to the plastic surface of culture flasks and wells before cell seeding. The
cells were maintained in Human-Endothelial-SFM (ThermoFisher, Massachusetts, USA)
containing 10 ng/ml FGF-2 (Sigma-Aldrich, Missouri, USA) and cultured in the incubator at
37°C and 5% CO2. Quantification of the cell numbers that were needed for the experiments
was done by trypan blue staining (ThermoFisher, Massachusetts, USA) after which the cells
were transferred to a counting chamber and an automated cell counting (Corning, New
York, USA) was performed.

3.2 Construct integration assays
Vectors
Second generation SIN lentiviral vectors with different promoters were bought from Leuven
Viral Vector Core. Each promoter constitutively drives the expression of an eGFP gene and
all second-generation lentiviral vectors were pseudotyped with the glycoprotein of the
Vesicular stomatitis virus (VSV-G).
The lentiviral vectors had the following composition:
•
•
•
•

LV_EF1a-eGFP-P2A-fLuc
LV_SFFV-eGFP-P2A-fLuc
LV_CypA-eGFP-P2A-fLuc
LV_CBA-eGFP-P2A-fLuc

stock:
stock:
stock:
stock:

4.56
4.60
1.75
3.16

x
x
x
x

107
108
108
108

TU/ml
TU/ml
TU/ml
TU/ml

size:
size:
size:
size:

13,389
12,587
12,637
12,874

bp
bp
bp
bp

Based on the eGFP expression intensity, the strongest promoter was selected. In the
future, this promoter will be combined in a vector with eGFP and a puromycin resistance
gene.
Non-viral transfection of HCEnCs was performed by using the PiggyBac Transposon Vector
System (System Biosciences, California, USA) consisting of the PiggyBac vector (PB513B1) and the Super PiggyBac Transposase vector (PB210PA-1) (Figs. A2 and A3). Their
introduction in the cell was accomplished by lipofection, using the PureFection Transfection
Reagent (System Biosciences, California, USA).

Multiplicity of infection
The MOI was optimized towards one copy number/cell by aiming at a transduced cell yield
of 20-30% to increase the efficiency of construct excision later on. To determine the
optimal MOI for each lentiviral vector, the cells were seeded in a 96-well plate (Corning,
New York, USA) after which a serial dilution of viral stock solution was added. These
dilutions were made in the medium previously described in 3.1. In addition, the difference
between 4- and 24-hour exposure to the different MOIs was assessed but due to the low
viral titre of the CypA and EF1a construct, the viral solution was passed on from the 4hour exposure wells to the 24-hour wells. After exposure, the viral dilutions were replaced
with NucLight Rapid Red reagent containing medium (Sartorius, Göttingen, Germany) to
fluorescently stain the cell nuclei. Transfection with the PiggyBac vector was done
according to the manufacturer’s manual but combined with the Nuclight Rapid Red reagent
as well.
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Assessment of eGFP expression
The amount of eGFP positive cells was assessed by two independent techniques: live cell
imaging (IncuCyte; Sartorius, Göttingen, Germany) and flow cytometry (CytoFLEX;
Beckman Coulter, Suarlée, Belgium). In flow cytometry, a cell suspension is directly
injected into a stream of fluid and converted to a single flow of cells through hydrodynamic
focussing. Individual cells pass a laser beam causing the light to be refracted in all
directions allowing for both qualitative and quantitative analysis. The qualitative analysis
comprises information about size, structural complexity and intensity of fluorescent
markers [73]. In contrast to flow cytometry, data acquisition through live cell imaging is
non-destructive. The cells are imaged at regular time intervals and quantitative data is
obtained by employing the internal software (IncuCyte, Sartorius, Göttingen, Germany)
(see 4.1 Live cell imaging analysis). To validate the acquisition of quantitative data by live
cell imaging, it was compared to flow cytometry for the determination of the percentage
of eGFP positive cells which was used as a measure for transfection/transduction efficiency.
Before flow cytometric analysis, the triplicates were pooled and fixated with 1%
paraformaldehyde to kill the remaining viruses. Apart from the percentage of eGFP positive
cells, flow cytometry was also used to determine the eGFP expression intensity.

3.3 Puromycin selection
To isolate HCEnCs containing a puromycin resistance gene in the future, a dose-response
curve was made in order to find the minimal dose of puromycin (ThermoFisher,
Massachusetts, USA) at which 100% of the non-puromycin resistant containing cells die
within 2-3 days (LD100). This will be the minimal concentration of puromycin needed for
the selection of construct containing cells [74]. To determine the amount of viable cells,
two methods have been used. The first method relies on live cell imaging combined with
Nuclight Rapid Red reagent staining. Secondly, the cells were exposed to PrestoBlue
(ThermoFisher, Massachusetts, USA) for 30 minutes, after which the solution was
transferred to a µClear plate (Greiner Bio-One, Kremsmünster, Austria). The
metabolization of PrestoBlue was quantified by using a luminescence microplate reader
(VICTOR, PerkinElmer, Massachusetts, USA) (emission filter set at 590 nm).

3.4 Statistical analysis
Because the replicates were pooled before performing a flow cytometric analysis and the
experiments were only done once, statistical testing was done with the data derived from
the live cell imaging analysis.
For statistical testing of the data obtained through live cell imaging, non-parametric testing
was employed due to the low sample size. The following statistical tests were employed:
•

•

The Kruskal Wallis test followed by a post-hoc Dunn’s multiple comparison test was
done to compare the different promoters based on transduction efficiency and
population doubling time. It was also used to assess if the population doubling time
significantly differed at certain MOIs for each promoter individually.
Statistical testing of the percentage eGFP positive cells and population doubling
time between 4- and 24-hours of viral exposure for each promoter, was done by
using multiple t-tests.

Throughout all experiments, a p < 0.05 was considered to be indicative of a significant
difference. Statistical analysis was conducted with Prism v8 software (GraphPad, California,
USA) and the flow cytometric data was analysed using FlowJo v10.2 (TreeStar Inc, Oregon,
USA).
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4 Results
4.1 Live cell imaging analysis
In this project, live cell imaging was regularly employed because it allows for the
assessment of various cell parameters in time, in a non-destructive manner. Such nondestructive methods enable the use of subsequent downstream assays with the same
samples which reduces the interexperimental variability. Therefore, it would be the method
of choice to determine the amount of eGFP positive cells and the total amount of cells in
future experiments compared to destructive methods like flow cytometry. With live cell
imaging, images were taken in a red, green and phase-contrast channel (Fig. 6A-C) at
fixed time points around the clock. Objects can be quantified on the base of contrast or
fluorescence with the help of the internal software. By finetuning some of the software’s
parameters, a mask (i.e. digital representation of the objects of interest) can be made for
a set of images. For example, the amount of NucLight Rapid Red reagent stained nuclei
(Fig. 6A) were detected by a mask as separate objects (Fig. 6D), which were then
quantified as the amount of objects per mm2 at each time point. Because each nucleus
should be fluorescently stained, the amount of object per mm2 gives an accurate
assessment of cell count. However, some images contain artifacts like the bright red
objects present in Figure 6A (white arrow). These do not represent living cells and were
consistently excluded from the mask based on their high intensity (Fig. 6D white arrow).
The accuracy of each mask was assessed and adapted for all experiments individually to
exclude such artifacts.
In contrast to the fluorescently stained nuclei, the eGFP signal was quite diffuse (Fig. 6B)
which made it difficult to accurately fit the mask for each individual cell (Fig. 6E). This
causes the number of individual objects per mm2 to be an underestimation of reality.
Therefore, a third mask was made (Fig. 6F), in which each object (blue) represents a
fluorescently stained nucleus overlapping with an eGFP positive signal. In this way, the
amount of eGFP expressing cells were determined more accurately.

Figure 6: Images of MOI 5, 52 hours after transduction, from the 4-hour exposure experiment (SFFV promoter) and their
accompanying masks that were used for data analysis. (A) In the red channel the cell nuclei are visible due to staining
with Nuclight Rapid Red reagent (white arrow indicates artefact), while the green channel (B) clearly indicates the
presence of eGFP expressing cells. (C) Both the green and red channel are combined with the phase-contrast image
giving a better perspective of the cell borders. D is a representation of the mask that was used to identify the cell nuclei
(pink, white arrow indicates artefact that is not included in the mask) and E shows the mask for the eGFP expressing
cells (bright green). The overlap between the masks represented in D and E was used to determine the amount of eGFP
positive cells (F, blue). This overlay-mask provides a better quantifiable representation of the amount of eGFP positive
cells because single objects can be better defined. eGFP, enhanced green fluorescent protein; SFFV, spleen focus-forming
virus
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4.2 Construct integration
Kinetics of eGFP expression after transduction
Live cell imaging was used to observe the progression of eGFP expression in the B4G12
cell line every 2 hours (Fig. 7). The presence of the viral vector-containing medium
interfered with the detection of eGFP expression. This made it impossible to determine the
amount of eGFP positive cells during the incubation with the virus for 4- and 24-hours.
eGFP expression could be detected at 17±3 hours after the initiation of transduction. In
the 4-hour of viral exposure experiment, the eGFP expression kinetics indicated a sigmoid
function that reached a plateau phase after ±60 hours (see Fig. 7 and A4 A-H for other
promoters).

Figure 7: Example of eGFP expression kinetics after lentiviral transduction in the B4G12 cell line (SFFV promoter). The
percentage of eGFP positive cells is represented as a function of time after removal of viral vectors from the 4- (A) and
24-hour (B) exposure experiment (n=3). The grey box represents the incubation time during which no measurements
could be taken due to interference with the viral vector. eGFP, enhanced green fluorescent protein; SFFV, spleen focusforming virus

Viral transduction efficiency
4.2.2.1 Live cell imaging
In order to obtain the target transduction efficiency of 20-30%, a B4G12 cell line was
exposed to a range of MOIs between 0 and 30 which was repeated for each promoter
construct individually. The cells were exposed to a certain MOI for 4- and 24-hours to
assess the effect of viral exposure time on the transduction efficiency. The amount of eGFP
positive cells was determined based on live cell imaging.
The results indicated that an increase in MOI also caused the percentage of eGFP positive
cells to increase (Fig. 8). Statistical testing revealed that the transduction efficiency
significantly differs between the different promoters. It was found that the experiments
with the CypA promoter construct resulted in a significantly increased transduced cell yield
at some of the MOIs compared to other promoters. However, it must be noted that these
significant differences also occur between controls and in the lower MOI range which means
these differences are probably caused by promoter-independent variations between the
experiments. An overview of the different p-values for the promoter comparison in the 4and 24-hour viral exposure experiments can be found in Table A3 and A4 respectively.
To assess if increasing the viral exposure time from 4- to 24-hours significantly increases
the transduction efficiency, multiple-t tests were conducted for each promoter separately.
The results indicated that 24-hours of viral exposure significantly increased the percentage
of eGFP positive cells for each promoter in at least, but not limited to, the MOI range of 130. Except for SFFV, where the percentage of eGFP positive cells did not differ significantly
at MOI 30 and EF1a for which a significant difference was only found between the MOI
range of 3-10 (Table A5).
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Figure 8: Viral titration of B4G12 cells with the different lentiviral vectors after 4- and 24-hours of viral exposure. The
amount of eGFP positive cells, 58-hours after transduction, is shown for each MOI as determined based on the live cell
imaging data (n=3). eGFP, enhanced green fluorescent protein; CypA, cyclophilin A; CBA, chimeric cytomegaloviruschicken B-actin; EF1a, elongating factor-1a; SFFV, spleen focus-forming virus

4.2.2.2 Flow cytometry
To confirm the amount of eGFP positive cells as determined by live cell imaging analysis,
flow cytometry was employed. A gating was performed (Fig. 9A) to isolate cells from debris
and for each MOI individual histograms were generated. As example, the histogram of the
24-hour exposure to the SFFV promoter-containing vector is represented in Figure 9B. The
histograms of all other promoters and exposure times can be found in the Appendix (Fig.
A5 A-H). These histograms were used to determine the percentage of eGFP positive cells
as depicted in Figure 10. Analogous to the live cell imaging data, an increase in MOI
resulted in a higher percentage of eGFP positive cells and 4-hours of viral exposure led to
an overall lower transduction efficiency compared to 24-hours of exposure.

Figure 9: (A) Example of gating definition from a negative control displayed in a dot plot with the side scatter in function
of forward scatter. (B) Example of flow cytometric readout from the SFFV-promoter titration after 24-hours of viral
exposure with counts in function of green fluorescent intensity. SFFV, spleen focus-forming virus
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Figure 10: Viral titration of B4G12 cells with different lentiviral vectors after 4- and 24-hours of viral exposure. The
amount of eGFP positive cells is determined by using flow cytometry (n=1). eGFP, enhanced green fluorescent protein;
CypA, cyclophilin A; CBA, chimeric cytomegalovirus-chicken B-actin; EF1a, elongating factor-1a; SFFV, spleen focusforming virus

eGFP expression intensity
Apart from the percentage of eGFP positive cells, the flow cytometric histograms (Fig. A5
A-H) can also be used to determine the mean eGFP expression intensity. Since a stronger
promoter causes a higher eGFP expression intensity, this metric can be used to assess
promoter strength. The results show that the SFFV promoter had the highest mean eGFP
intensity compared to the other promoters which may indicate that it was the strongest of
the promoters tested in this project (Fig. 11). However, more replicates are needed in
order to do statistical testing and it should be confirmed that this effect is not caused by
differences in copy number.
When the amount of eGFP positive cells was nearing 100%, the mean eGFP intensity
continues to increase linearly (Fig. 12). This increase was most likely caused by the
occurrence of multiple copy numbers per cell. A higher concentration of viruses increases
the chance that the same cell is transduced multiple times. Hence, it is speculated that the
high eGFP intensity observed with higher MOIs was a result of the presence of multiple
copy numbers per cell.

Figure 11: Mean eGFP intensity determined by flow cytometry for the highest MOIs of each vector in B4G12 cells (n=1).
eGFP, enhanced green fluorescent protein; CypA, cyclophilin A; CBA, chimeric cytomegalovirus-chicken B-actin; EF1a,
elongating factor-1a; SFFV, spleen focus-forming virus
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Figure 12: Linear correlation between the mean eGFP intensity and MOI for the 4- and 24-hour viral exposure experiment
(n=1). eGFP, enhanced green fluorescent protein; CypA, cyclophilin A; CBA, chimeric cytomegalovirus-chicken B-actin;
EF1a, elongating factor-1a; SFFV, spleen focus-forming virus

Toxicity of transduction
To determine the cytotoxic effect of lentiviral transduction, the data obtained by live cell
imaging was fitted by using non-linear regression from which the population doubling times
could be calculated for each vector (Figure A6 A-H). In case the effect of lentiviral
transduction on population doubling time would only be modest in the range of MOI 0.130, an MOI of 100 was included in the SFFV-promoter experiments to give a better
indication about its toxicity. The data showed that the population doubling time has an
upward trend with increasing MOI and exposure time.
The population doubling time was compared between the different promoters in both the
4- and 24-hour viral exposure experiments. Statistical testing indicated that the SFFV
promoter had a significantly lower population doubling time compared to the other
promoters (mainly CBA) after both 4- and 24-hours of viral exposure (Table A6 and A7).
However, since these significant differences also occur in the control, the observed
decrease in population doubling time of SFFV is not promoter-related.
To assess if an increase in viral exposure time from 4- to 24-hours increased the population
doubling time, multiple t-tests were performed for each promoter individually. The
population doubling time was found to be significantly decreased in the 24-hour exposure
experiment compared to 4-hour exposure experiment in CypA for MOI 0-10 (Table A8).
However, since this significant difference was also found between the controls, this effect
is not related to the difference in exposure times. Interestingly, a significant increase in
population doubling time was found after 24-hours exposure to the constructs containing
SFFV and CBA (Table A8). This indicates that long exposure to a high MOI is potentially
more harmful for the cells compared to short exposure.
Lastly, within each promoter, is was assessed if some MOIs influence the population
doubling time stronger than others. Only in the CypA 24-hour exposure experiment, a
significant difference in population doubling time was found between MOI 3 and 30 (Fig.
13 B). However, a trend towards an increased population doubling time in the higher MOI
range can also be observed in some of the other promoters (Fig. A6).
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Figure 13: Population doubling time for the 4- and 24-hour lentiviral exposure experiment. Using a Kruskal-Wallis test
followed by Dunn’s multiple comparison test, a significant difference was found between MOI 3 and 30 in the 24-hour
CypA experiment (p = 0.0298; n=3). CypA, cyclophilin A

PiggyBac transfection efficiency
Transfection by using an eGFP-containing PiggyBac vector did not result in eGFP positive
B4G12 cells (Fig. 14). While nuclear staining with Nuclight Rapid Red reagent clearly
indicated the presence of viable cells in the control (Fig. 14 A) and transfected condition
(Fig. 14 B), there were no eGFP positive cells visible in the green channel (Fig. 14 D). This
negative result was confirmed by employing flow cytometric analysis, where also no eGFP
positive cells could be found (Fig. 15). It is assumed that this is caused by an extremely
low transfection efficiency.

Figure 14: Images taken 66 hours after addition of PiggyBac vector, showing the red channel with Nuclight Rapid Red
reagent stained nuclei in the control (A) and PiggyBac transfected cells (B). In the green channel, no eGFP positive cells
were present in either the control (C) or PiggyBac transfected cells (D). eGFP, enhanced green fluorescent protein
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Figure 15: Flow cytometric data for the determination of eGFP-positive cells after transfection with the PiggyBac vector.
eGFP, enhanced green fluorescent protein

4.3 Puromycin kill curve
Live cell imaging
After the cells were transfected with the PiggyBac vector or underwent viral transduction,
the transduced/transfected cells need to be isolated from the unmodified cells. As
previously mentioned, this will be done by ensuring puromycin resistance of the genetically
modified cells through the addition of a puromycin resistance gene in the construct before
insertion. The first step towards this puromycin selection was made by determining the
lowest concentration that causes 100% lethality of B4G12 cells, termed LD100.
The cells were exposed to different concentrations of puromycin (0-10 µg/mL). Nuclight
Rapid Red reagent staining detected by live cell imaging allowed the monitoring of cell
count throughout the experiment (Fig. 16). Since this nuclear staining does not disappear
but gets more intense in dead cells, viable and non-viable cells were distinguished based
on their difference in intensity. The percentage of viable cells was found to be at its
minimum after 72-hours exposure to at least 2 µg/mL puromycin. However, the curve
indicates that not all cells are dead. When looking at the live cell images and their
accompanying masks, it appeared that the software was not able to exclude all dead cells
and contained some artifacts (see example in Fig. 16 B). Because it is essential to use the
right concentration of puromycin when selecting construct-containing cells in the future, it
was tried to confirm the results of this experiment by using another method.

Figure 16: (A) Puromycin kill curve made with 30,000 B4G12 cells, showing the percentage of viable cells at different
concentrations of puromycin after various times of exposure (n=3). (B) Phase-contrast and red channel image of Nuclight
Rapid Red reagent stained cells at 10 µg/mL puromycin after 72 hours of exposure (left) and its accompanying mask
(yellow) made to detect viable cells mainly based on differences in fluorescent intensity (right).
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Luminescence microplate reader
As an alternative to live cell imaging, the number of viable cells was assessed by using
PrestoBlue staining which was performed every 24-hours for three days. In addition to the
previous experiment, 30,000 and 75,000 cells were used to determine whether cell amount
has an influence on the puromycin kill curve (Fig. 17 A and B). The percentage of viable
cells when using 75,000 cells tended to be slightly higher compared to using 30,000 cells
after 24- and 48-hours. However, for both cell numbers 72-hours of puromycin exposure
caused 100% of the cells to die at 2 µg/ml puromycin and above.

Figure 17: Puromycin kill curves used to determine the LD100 for 30,000 (A) and 75,000 (B) cells from a B4G12 cell
line. The amount of viable cells was determined with PrestoBlue (n=3).
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5 Discussion
5.1 Construct integration
Influence of multiplicity of infection, promoter and exposure
time on transduction efficiency
5.1.1.1 Multiplicity of infection
In this project, lentiviral titration was performed on a B4G12 cell line by exposing the cells
to an MOI range of 0-30 for 4- and 24-hours. The MOI range used for the titration was
ideal to determine the viral concentration needed to obtain a transduced cell yield between
0 to 100%. Based on the flow cytometric data, the desired transduced cell yield of 20-30%
can be acquired by using an MOI between 0.3 and 1, depending on the promoter and
exposure time. Overall, a lower MOI would be preferred since this would be more costefficient and decrease the chance of obtaining high copy numbers.

5.1.1.2 Promoter
When comparing the percentage of eGFP positive cells between the different promoters
(i.e. CypA, CBA, EF1a and SFFV), the transduction efficiency of the CypA-containing vector
was significantly higher compared to some of the other promoters in the 4-hour viral
exposure experiment at certain MOIs (Table A3). However, these differences were found
in the control and lower MOI range which makes them less likely to be promoterdependent. Since also the flow cytometric data indicates a higher transduction efficiency
of the CypA promoter, a literature search was performed to find possible causes for this
increased transduction efficiency (Fig. 10). There are a few factors that could cause
variation in transduction efficiency between the different constructs in general. Firstly, it
was found that differences in vector size of only a few 100 bp are enough to significantly
decrease lentiviral transduction efficiency [75]. Secondly, the vector might get successfully
transduced but an inefficiently functioning promoter could cause the transduction efficiency
to appear low [76]. Finally, differences in promoter kinetics combined with an early
assessment of transduction efficiency might also result in an apparently lower amount of
eGFP positive cells. However, since the CypA-containing construct is about the same size
compared to the other constructs, the eGFP intensity indicated that it was not stronger
than the other promoters and its kinetics do not appear to be different, none of them can
explain the observed significant difference in the 4-hour exposure experiments. Additional
testing will be needed to elucidate whether this effect persists with a larger sample size.
Also in the 24-hour experiment some significant differences were found between CypA and
some of the other promoters at specific MOIs (Table A4). The possible underlying causes
mentioned above (i.e. lower construct size, higher promoter strength or deviations in
kinetics) are not the cause. As such, more experiments will need to determine whether this
difference will persist.

5.1.1.3 Exposure time
Statistical testing indicated that the percentage of eGFP positive cells is significantly higher
after 24-hours compared to 4-hours of viral exposure in the middle-high MOI range (Table
A5). Hence, the same yield of transduced cells can be obtained at lower MOIs if the viral
exposure time is increased. Absence of significance between both exposure times in the
lower MOIs is probably caused by the high standard deviation in relation to the percentage
eGFP positive cells.
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Comparative analysis between live cell imaging analysis and
flow cytometry to determine the percentage of eGFP positive
cells
In order to estimate the amount of eGFP positive cells, both live cell imaging analysis and
flow cytometry were performed after transduction/transfection. The main purpose for using
these methods was to assess if the accuracy of live cell imaging was comparable with this
of flow cytometry. This way, the latter can be abandoned in future experiments since its
destructive nature makes it less advantageous compared to live cell imaging.
The percentage difference was calculated between both methods for the 4- and 24-hour
exposure experiment separately (Table 1). From this data, it is apparent that the live cell
imaging analysis underestimates the amount of eGFP positive cells in the lower MOIs while
its accuracy increases with an increasing MOI and exposure time. Indeed, the large
difference in eGFP intensity between the lower and higher MOIs make it difficult to make
a mask that fits the entire eGFP intensity range. Additional finetuning of the mask and
more experimental data is needed before live cell imaging analysis can fully replace flow
cytometry for the quantification of eGFP positive cells. Making a mask for a smaller eGFP
intensity range might also make quantification with live cell imaging more accurate.
Table 1: Average percentage difference of the percentage eGFP positive cells for all promoters estimated with live cell
imaging in relation to the values determined with flow cytometry in the 4- and 24-hour viral exposure experiment (MOI
30 was only calculated with the values for CypA, CBA and SFFV). eGFP, enhanced green fluorescent protein; CypA,
cyclophilin A; CBA, chimeric cytomegalovirus-chicken B-actin; EF1a, SFFV, spleen focus-forming virus

MOI
0
0.1
0.3
0.5
1
3
5
10
30

4-hour
26.0
-43.4
-61.9
-59.3
-55.7
-33.5
-13.2
-5.9
2.6

Percentage difference (%)
24-hour
13.0
-60.0
-58.1
-51.1
-32.5
1.4
10.8
12.0
5.4

Relation between the observed transduction efficiency and
literature
To assess the transduction efficiency of the B4G12 cell line compared to a highly permissive
cell line (i.e. HeLa) and primary HCEnCs, a literature search was conducted. The overall
transduction efficiency of the B4G12 cell line was similar to this of the highly permissive
HeLa cell line (Table 2) [77]. When comparing the transduction efficiency between the
B4G12 cell line and primary HCEnCs, the B4G12 cells appear to be more prone to viral
transduction [78]. However, the MOI for the primary HCEnCs was calculated only based
on the amount of corneal endothelial cells while the entire cornea was exposed to the virus.
This probably causes the MOI of 30 to be overestimated which explains the large difference
between the transduction efficiency of primary HCEnCs and B4G12 cells. Because of the
relatively high transduction efficiency in both primary and immortalised corneal endothelial
cells, transduction increasing reagents (e.g. polybrene) will probably not be needed in the
future.
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Table 2: Comparison of the cell transduction yield determined by flow cytometry in this project (average of promoters,
24-hours viral exposure) with data found in literature concerning the HeLa cell line and primary human corneal endothelial
cells (HCEnCs).

Cell type
B4G12
HeLa [77]
Primary HCEnCs [78]

MOI 1
49
40
NA

Transduced cell yield (%)
MOI 10
MOI 30
92
99
95
100
NA
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Determining the strongest promoter
A major milestone to obtain reversible immortalisation in the future, will be increasing the
proliferative capacity of corneal endothelial cells by the introduction of an oncogene. In
order to get a high expression of this oncogene, a promoter that drives strong gene
expression in corneal endothelial cells will be needed. In this project, the strength of each
promoter was assessed on the basis of the mean eGFP intensity. From all promoters that
were tested, SFFV turned out to be the strongest (Fig. 11). However, as mentioned earlier,
a qPCR analysis will need to confirm that this is not caused by differences in gene copy
number. When comparing these results to literature, the strength of SFFV seemed to be
cell type dependent [79,80]. In general, it is considered to be a strong viral promoter
regularly used to drive expression of genes in different cell types (e.g. hematopoietic cells)
[80,81]. Additional experiments will be needed to assess whether this promoter can drive
constitutive gene expression on the long term without being silenced [82].
If the SFFV promoter is used for further experiments, the flow cytometric data indicates
that 24-hours of exposure to an MOI of 0.5 will result in the desired transduced cell yield
of 20-30%.

Toxicity of viral transduction
To compare the toxicity of lentiviral transduction in general and between the different
promoter constructs, the population doubling times were determined for each MOI. In the
SFFV promoter experiment the population doubling time was found to be significantly lower
compared to some of the other promoters at specific MOI’s (Table A6 and A7). However,
as previously mentioned, this is not thought to be a promoter-related effect as also the
control has a relatively low population doubling time in the SFFV promoter experiment.
Possibly, the seeding density was lower in this experiment causing the cells to experience
less contact inhibition and grow faster.
Results also indicated a trend towards increased population doubling time with increasing
MOI and exposure time. This suggest that high MOI (≥10) could confer some cytotoxicity
to HCEnCs. The effect seems to be more pronounced with CBA and SFFV since the
population doubling time was found to be significantly higher after 24-hours exposure
compared to 4-hours exposure at MOI 30 (Table A8). However, this does not influence the
choice of promoter or MOI in this project because it only occurs at high viral concentrations.
Growth inhibiting effects were also reported in other cell types upon lentiviral transduction,
albeit less pronounced as observed here [83,84]. Because no mock transduction was
executed, a possible influence of high eGFP expression on cell fitness and image acquisition
cannot be ruled out [85].

Transfection of the PiggyBac vector
The introduction of a fully removable construct by using a PiggyBac vector is an important
alternative for viral transduction to increase the safety of the reversible immortalised cells
in the future. Unfortunately, no eGFP positive cells have been detected after transfection
with the PiggyBac vector (Fig. 14 and 15). Most likely, this is caused by an extremely low
transfection efficiency. Future testing will comprise transfection of a HEK293 cell line to
assess if the low transfection efficiency is cell type dependent.
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If transfection of the HEK293 cell line is successful, the Purefection transfection reagent
might not be compatible with the B4G12 cell line. Another lipofection reagents that could
be used instead is Lipofectamine 2000 (Thermofisher) since it has already been
successfully used in B4G12 cells according to literature [86].

5.2 LD100 of puromycin in the B4G12 cell line
To ensure a homogeneous population of cells containing the construct, an antibiotics
selection will need to be performed. Data obtained through a PrestoBlue staining indicated
that the LD100 of B4G12 cells was reached at 2 µg/mL puromycin both for 30,000 and
75,000 cells (Fig. 17). This is in line with the concentration of puromycin used in other
adherent cell lines [87]. For primary corneal endothelial cells, exposure to a concentration
of 1 µg/mL puromycin for 7 days has been reported [33]. Evaluation of the determined
LD100 and exposure time on puromycin resistant B4G12 cells will be needed. If the proposed
selection condition turns out to be too extreme, additional experiments will be needed with
a longer evaluation of cell viability then the one presented in this project.
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6 Conclusion and perspectives
In this project, the B4G12 cell line was successfully transduced by using lentiviral vectors
with different promoters. The desired transduction efficiency of 20-30% can be obtained
by using an MOI between 0.3 and 1 depending on the construct that was inserted and the
time of viral exposure. Overall, a longer exposure to the viral vectors resulted in a higher
amount of transduced cells. The SFFV promoter resulted in the highest mean eGFP intensity
and is therefore considered to drive eGFP expression the strongest. For this construct, 24hour exposure to an MOI of 0.5 is preferred to obtain the desired percentage of transduced
cells.
Unfortunately, no eGFP positive cells were detected after transfection of the PiggyBac
vector. Additional experiments will be needed to determine whether this is caused by a low
transfection efficiency or an incompatibility between the B4G12 cell line and the
PureFection transfection reagent.
To select puromycin resistant B4G12 cells in the future, it was determined that the LD100
of unmodified B4G12 cells was found to be 72-hour exposure to 2 µg/ml puromycin.
However, increasing the exposure time to reduce the dose of puromycin might be preferred
when transitioning to primary HCEnCs.
The different experiments performed in this master’s thesis are part of the foundation to
accomplish the reversible immortalisation of HCEnCs. While it mainly focussed on gene
introduction and puromycin-mediated selection in the B4G12 immortalised cell line, also
the evaluation of the different gene excision mechanisms and validation in primary HCEnCs
are paramount to continue this project.
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Appendix
Table A1: Overview of the most common viral vector systems with their main characteristics [88].

Viral vector
Adenovirus
Retrovirus
Lentivirus
Adeno-associated
virus
Baculovirus
Vaccinia virus
Herpes simplex virus

Size
36 kb
(dsDNA)
7-11 kb
(ssRNA)
8 kb
(ssRNA)
8.5 kb
(ssRNA)
80-180 kb
(dsDNA)
190 kb
(dsDNA)
150 kb
(dsDNA)

DNA cargo size
8 kb
8kb
9 kb
5 kb
No upper limit
known
25 kb
30-40 kb

Infection
Dividing and
non-dividing cells
Dividing cells

Expression
Transient

Dividing and
non-dividing cells
Dividing and
non-dividing cells
Dividing and
non-dividing cells
Dividing cells

Stable

Dividing and
non-dividing cells

Transient

Stable

Stable and sitespecific integration
Transient or stable
Transient

Figure A1: Schematic overview of the project involving the reversible immortalisation of primary HCEnCs. The work
packages and intermediate goals involving this master’s thesis are indicated with an asterisk (*). The main goals of work
package one are to find the optimal MOI, determine the best promoter and compare the construct integration between
viral vs. non-viral vectors. In work package two, it will be tried to find the minimal lethal dose at which all cells die. This
will be used to perform a selection of the modified cells. Work package three will be done to compare the excision
efficiency between the Cre-lox system and the PiggyBac Excision-Only transposase. Finally, work package four contains
different assays to determine cell phenotype in combination with cell counting which will be done in addition to the
previous work packages. IHC, immunohistochemical
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Table A2: Supplementary data of the HCEC-B4G12 cell line [89].

HCEC-B4G12
ACC d47
Cell line:
HCEC-B4G12

DSMZ no.:
ACC 647

Species:
Human (Homo sapiens)

Cell type:
Corneal endothelium

Origin:
HCEC-B4G12 is a clonal subpopulation started in 2005 from the parental cell line HCEC-12 (ACC 646) established
from normal cells of the posterior epithelium of the cornea of a 91-year-old Caucasian woman transformed with
the early region of the SV40 genome including genes encoding large T-antigen and small t-antigen; the subclone
is described in the literature to represent differentiated cells of the so-called corneal endothelium.

Biosafety level:
1, GMO-S1

DSMZ Cell Culture Data:
Morphology:
Cuboid epitheloid cells growing strongly adherent in monolayers

Medium:
Human-Endothelial-SFM + 10 ng/ml FGF-2 (observe the shelf-life of the medium; do not apply h.i. FBS
in order to keep differentiation status)

Subculture:
Seed out at ca. 1 x 106 cells/80 cm² flask: flasks must be coated with 10 pg/ml laminin and 10 mg/ml
chondroitin sulfate: split confluent culture ca. 1:3 every 3-4 days using 2-3 ml trypsin/EDTA per 80 cm² flask
for 2-5 min at 37 °C (wash cells twice with PBS before trypsination, avoid trypsination longer than 5 min and
check cell dissociation by microscopy): stop trypsination by using medium containing protease inhibitor
cocktail (Sigma P1860) at 500-fold dilution; do not apply antibiotics, cells are highly sensitive to antibiotics

Incubation:
At 37 °C with 5% CO2

Doubling time:
Ca. 40-50 hours

Harvest:

Cell harvest of ca. 15 x 106 cells/175 cm2

Storage:
Frozen with 90% medium (including FGF-2), 10% DMSO

DSMZ Scientific Data:
Mycoplasma:
Negative in microbiological culture, PCR assays

Immunology:
To inquire about expression of EpCAM and intermediate filaments, contact hilmar.quentmeier@dsmz.de.

Fingerprint:
Fluorescent nonaplex PCR of short tandem repeat markers revealed a unique DNA profile(subclone of the
cell line HCEC-12)

Viruses:
PCR: EBV -, HBV -, HCV -, HIV-1 -, HIV-2 -, HTLV-I/II -, MLV -,SMRV –
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Figure A2: Plasmid map of the PiggyBac vector [91].

Figure A3: Plasmid map of the Super PiggyBac Transposase Expression Vector [91].

Table A3: All significant differences between the transduced cell yield of the different promoters after 4-hours of viral
exposure at their specific MOI. Statistical testing was done by using the Kruskal-Wallis test followed by a post-hoc Dunn’s
multiple comparison test (n=3). CypA, cyclophilin A; CBA, chimeric cytomegalovirus-chicken B-actin; SFFV, spleen focusforming virus

Promoters
CypA vs. SFFV
CypA vs. SFFV
CypA vs. SFFV
CypA vs. SFFV
CypA vs. CBA
CypA vs. CBA

MOI
0
0.1
0.3
1
3
5

Adjusted p-value
0.0125
0.0279
0.0134
0.0395
0.0279
0.0134
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Table A4: All significant differences between the transduced cell yield of the different promoters after 24-hours of viral
exposure at their specific MOI. Statistical testing was done by using the Kruskal-Wallis test followed by a post-hoc Dunn’s
multiple comparison test (n=3). CypA, cyclophilin A; CBA, chimeric cytomegalovirus-chicken B-actin; EF1a, elongating
factor-1a; SFFV, spleen focus-forming virus

Promoters
CypA vs. SFFV
CBA vs. EF1a
CBA vs. EF1a
CypA vs. EF1a
CypA vs. SFFV
CypA vs. SFFV

MOI
0.1
0.5
1
3
10
30

Adjusted p-value
0.0134
0.0194
0.0194
0.0194
0.0279
0.0219

Table A5: Statistical analysis of the percentage of eGFP positive cells between 4- and 24-hours of viral exposure for each
promoter. Statistical testing was done by using multiple t tests (n=3). CypA, cyclophilin A; CBA, chimeric
cytomegalovirus-chicken B-actin; EF1a, elongating factor-1a; SFFV, spleen focus-forming virus

MOI
0
0.1
0.3
0.5
1
3
5
10
15
30

Adjusted p-value (4-hour vs. 24-hour viral exposure)
CypA
CBA
EF1A
SFFV
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
0.0241
0.0034
p>0.05
0.0495
0.0031
0.0054
p>0.05
0.0489
0.0044
0.0045
p>0.05
0.0215
0.0011
0.0001
0.0178
0.0221
0.0008
0.0003
0.0071
0.0025
0.0003
0.0003
0.0174
0.0489
NA
NA
p>0.05
NA
p>0.05
0.0001
NA
p>0.05
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Figure A4: Percentage of eGFP positive cells in function of time after removal of viral vectors. For each vector different
MOI were assessed for both 4-hour (A, C, E and G) and 24-hour viral exposure (B, D, F and H). Due to an unexpected
maintenance of the IncuCyte a few data points are missing from the 4-hour CBA exposure graph (C) and because the
vector containing the EF1a promoter had a relatively low titre, the highest MOI that could be reached was 15 instead of
30 (n=3). The grey box represents the incubation time during which no measurements could be taken due to interference
with the viral vector. eGFP, enhanced green fluorescent protein; CypA, cyclophilin A; CBA, chimeric cytomegaloviruschicken B-actin; EF1a, elongating factor-1a; SFFV, spleen focus-forming virus
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Figure A5: Representation of the flow cytometric data depicting count as a function of eGFP intensity after 4-hours of
viral exposure for (A) CypA, (C) CBA, (E) EF1a and (G) SFFV and after 24-hours of viral exposure for (B) CypA, (D) CBA,
(F) EF1a and (H) SFFV. eGFP, enhanced green fluorescent protein; CypA, cyclophilin A; CBA, chimeric cytomegaloviruschicken B-actin; EF1a, elongating factor-1a; SFFV, spleen focus-forming virus
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Figure A6: Population doubling time for all promoters for both the 4- and 24-hour viral exposure experiment. Using a
Kruskal-Wallis test followed by Dunn’s multiple comparison test, a significant difference was found between MOI 3 and
30 in the 24-hour CypA experiment (p = 0.0298; n=3). eGFP, enhanced green fluorescent protein; CypA, cyclophilin A;
CBA, chimeric cytomegalovirus-chicken B-actin; EF1a, elongating factor-1a; SFFV, spleen focus-forming virus
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Table A6: All significant differences between the cell doubling times of the different promoter after 4-hours of viral
exposure at their specific MOI. Statistical testing was done by using the Kruskal-Wallis test followed by a post-hoc Dunn’s
multiple comparison test (n=3). CypA, cyclophilin A; CBA, chimeric cytomegalovirus-chicken B-actin; EF1a, elongating
factor-1a; SFFV, spleen focus-forming virus

Promoters
SFFV vs. CBA
SFFV vs. CypA
SFFV vs. CypA
SFFV vs. CBA
SFFV vs. CBA
SFFV vs. EF1a
SFFV vs. CypA

MOI
0
0.1
0.3
0.5
3
5
30

Adjusted p-value
0.0194
0.0194
0.0134
0.0279
0.0134
0.0134
0.0219

Table A7: All significant differences between the cell doubling times of the different promoters after 24-hours of viral
exposure at their specific MOI. Statistical testing was done by using the Kruskal-Wallis test followed by a post-hoc Dunn’s
multiple comparison test (n=3). CypA, cyclophilin A; CBA, chimeric cytomegalovirus-chicken B-actin; SFFV, spleen focusforming virus

Promoters
SFFV vs. CBA
CypA vs. CBA
SFFV vs. CBA
SFFV vs. CBA
SFFV vs. CBA
SFFV vs. CBA
SFFV vs. CBA

MOI
0
0.3
0.5
1
3
5
30

Adjusted p-value
0.0297
0.0395
0.0395
0.0395
0.0134
0.0194
0.0132

Table A8: Statistical analysis of the cell doubling time between 4- and 24-hours of viral exposure for each promoter.
Statistical testing was done by using multiple t tests (n=3). CypA, cyclophilin A; CBA, chimeric cytomegalovirus-chicken
B-actin; EF1a, elongating factor-1a; SFFV, spleen focus-forming virus

MOI
0
0.1
0.3
0.5
1
3
5
10
15
30

Adjusted p-value (4-hour vs. 24-hour viral exposure)
CypA
CBA
EF1A
SFFV
0.00002
p>0.05
p>0.05
p>0.05
0.0104
p>0.05
p>0.05
p>0.05
0.0003
p>0.05
p>0.05
p>0.05
0.0063
p>0.05
p>0.05
p>0.05
0.00003
p>0.05
p>0.05
p>0.05
0.00002
p>0.05
p>0.05
p>0.05
0.0005
p>0.05
p>0.05
p>0.05
0.0063
p>0.05
p>0.05
p>0.05
NA
NA
p>0.05
NA
p>0.05
0.0024
NA
0.0408
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